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IREEAFER (Equation of State; EOS)
1. EH-BE
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v-IRIVF—5%, FEHIRIVF—

3. #pk(FmF, PEF, ANUDA, [RFE)

- BRF&ERS. Za—M)/Rs3E

o REFEXT—HT7T—T)
- mE 100 ~ 1015 g/cm?
1. BBFDEIE&: 0~0.6
2. mE: 0~ 100 MeV
(P, T,Y) :e,p, S, u,, w, X;,, m,...

1 MeV ~ 100K
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e+p< Vv,+n e+A <> v, +A"
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* HRAL:
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V.+e < V. +¢

o NTAERY-IHIR:

e+et =V +V, VE <>V + V.

N+N < N+N+v, +v, i=e, u, T
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o —HL-AMATEYHKD
Lattimer-Swesty EOS (1991) o« EERT—RICKDFIVY

e Skyrme-Hartree-Fock approach

Relativistic EOS (Shen-Oyamatsu-Toki-Sumiyoshi, 1998)
 Relativistic Mean Field approach

Hyperon EOS (Ishizuka-Ohnishi, 2006)
Variational Approach (Kanzawa-Takano, 2005~)

° = 2 15 X¢E <
- 3D Skyrme Hartree-Fock EOS B 1 yx}i}'t\
(Newton, Stone Mezzacappa, 2007)

—  Fuller, Fowler & Newman, Bruenn (1989)
— Langanke-Pinedo (45<A<112)

— T.Otsuka & T. Suzuki, Fujita-RCNP
Za—bMJ)/ R

A=460 A=1400

(n,=0.08 fm3, T=2.5 MeV, Y,=0.3)

— Reddy, Horowitz, Yamada-Toki,...
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Approaches to obtain the EOS

approach

starts from

ingredients

Theory/Model

empirical

the parametrized EOS

nuclear mass, size, ...

Liquid-Drop Model
Droplet Model
Thomas-Fermi Theory

Phenomenological

effective NN int.

nuclear mass, size, ...

Skyrme HF
RMF

many-body

bare NN int.
(AV18, Bonn, Paris,...)

NN scattering, ...

Variational Calc.




SN-EOS for supernova
simulations

® Empirical

 |.M.Lattimer, ED. Swesty NPA535(1991).

® Phenomenological (RMF-TMI)

® H.Shen, H.Toki, K. Oyamatsu, K. Sumiyoshi, NPA637(1998),
PTP100(1998).

® many-body (AV18) under construction (21 pSA-11)
® H.Kanzawa, K. Oyamatsu, K. Sumiyoshi, M. Takano, NPA791(2007)
® Mukherjee, Pandharipande, Phys. Rev. C 75, 035802 (2007).




The Nuclear EOS for Supernova Simulations

based on the Realistic Nuclear Potential

H. Kanzawa?, K. Oyamatsu®, K. Sumiyoshi® and M. Takano?
aWaseda Univ., °Aichi Shukutoku Univ., “Numazu CT

1) The uniform EOS: AV 18+UIX,
Vatiational many-body calculations

T T

100-

NPA791 (2007) 232

50

wx T =0 MeV(FP)
T=10MeV -o- T=10 MeV(FP)
---T=20MeV -~ T=20MeV(FP)
—-—-T=30MeV
02 03 04 05 06
plfm™]

2) The Thomas-Fermi calculations
for atomic nuclei reproduce their

empirical data.

120 | 1 | I I
proton drip line

100

80 Empirical
[—stability line

N 60 1.2<AM/A<-1.0
-1.0<AM/A<-0.8
-0.8<AMI/A<-0.6
-0.6<AM/A<-0.4
-0.4<AMIA<-0.2
-0.2<AMI/A< 0.0
0.0<AM/A4
in MeV

100 120 140 160

40

3) The SN-EOS i1s under construction
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® Hix (Proc. Nuclei in the Cosmos X to be published)

® Protoneutron star@DsizelZl20%3E L)

® 200ms{& D Shock locationlC20%3E L)

® lepton, entropy gradientZ & 2. %

(10'0~10" g/cm3t2E) TH(DICTEE

H & Y15 neutrino (21pSA9,10)




HEITE—1—M)/FBl (flux, spectra)
Bl: 75w R — LTS = 2 — N /B (OM, ) Somivoss cual, PRI 006

VIRIF—=AXRIMI VEH TR F—

Shen EOS vIf)L¥F— cf. Hyperon WWO5: 40M_,,_
AL R AL A S0 ——— T R

(c) tph=1 S

dL.,/dE, [erg/s/MeV]

<E, > [MeV]

1 LaT 1111

| | L1 111 | L1
10 0 '
, , 0.5 1.0 L5
E, [MeV] N
vIRI)LF— time after bounce [sec] H# FEﬁ

Sumiyoshi, Yamada & Suzuki ApJ (2007) Sumiyoshi et al. (2008) in preparation
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® 0.5 po~ po

o NTEKEE. ¥, FHEFRXFE>, GDR
® po ™~ 2-3 Po

® Heavy lon Collision

® Bao et al., Phys. Rep.(2008) in press.(arXiv:
0804.3580)

® p>2-3p0

® Hyperon, Meson Condensate, Qurak Matter

e FIEFEDEE. ¥F) RIKEH

o H DI B5WHSBE LU (Prakash)



T=0DZMPBREAENDF—/\TX =%

Energy per nucleon of nearly symmetric nuclear matter

Wl ) =+ )+ (1_zx)2[so L - no)[

Ny - nuclear density, w, :saturation energy, K, : incompressibility

So : symmetry energy at n=n,, L: its density derivative coefficient

wenergy per nucleon

A neutron matter

' L:gradient

symmetric nuclear matter

n:density

HGIG urvature




L, KeDRE M= >EOSORE M
EOS parameter values obtained

from stable nuclei 9 representative EOS A-I
Sp:symmetry energy K

b p=—220 MeV fm? 1 v=-220 MeV fm?
L K, =230 MeV

L : density symmetry coefficient T y=-220 MeV fm?

=11

T

+ S0(L) obatined frorn the fittings
—_— S0=27 752+ 0. 075379 [ y=—350 MeV fm? y=—350 MeV fm?
- K= 180 MeV + K,~230 Mev

| | |
50 100 150

L (MeY)

y=— 1800 MeY fm? y=—1800 Me¥ fm?
K, =230 MeV T K, =380 MeV

| ]
2010 250
K g (Mey)

K. Oyamatsu and K. lida, PTP 109, 631-650, 2003.




Efforts being done

® Estimate L value from global behavior of nuclear

mass and size in nuclear chart with
Prof. lida (Kouchi U.), Drs. Kohama(RIKEN),
Koura(JAEA), Abu-lbrahim(Cairo U.)

® For nuclear size, we need to directly compare
calculations and cross section measurements.

® Kurotama (Black sphere) model(21aSB7) ‘r.;_,\ *

® Glauber calculation of cross sections

® Preliminary result from nuclear mass

L value is relatively large.
(closer to EOS C than to EOS G)




SE—1Rk4)E (Shen EOS)

i I 1 L) ' r 'I 1 1
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spherical nuclel and pasta nuclei

-

K.Oyamatsu, NFA5S61, 431 (1993)




From Microscales to Macroscales in 3D:

Selfconsistent Equation of State for Supernova and
Neutron Star Models

W G Newton!, J R Stonel??, A Mezzacappa?

! Department of Physics, University of Oxford, Oxford OX1 3PU, United Kingdom

2 Physics Division, Oak Ridge National Laboratory,P.O. Box 2008, Oak Ridge, TN 37831, USA
3 Department of Chemistry and Biochemistry, University of Maryland, College Park, MD
20742, USA

E-mail: william.newton®seh.ox.ac.uk, stonejr@ornl.gov, mezzacappaa@ornl.gov

Abstract. First results from a fully self-consistent, temperature-dependent equation of state
that spans the whole density range of neutron stars and supernova cores are presented. The
equation of state (EoS) is calculated using a mean-field Hartree-Fock method in three dimensions
(3D). The nuclear interaction is represented by the phenomenological Skyrme model in this work,
but the EoS can be obtained in our framework for any suitable form of the nucleon-nucleon
effective interaction. The scheme we employ naturally allows effects such as (i) neutron drip,
which results in an external neutron gas, (ii) the variety of exotic nuclear shapes expected for
extremely neutron heavy nuclei, and (iii) the subsequent dissolution of these nuclei into nuclear
matter. In this way, the equation of state is calculated across phase transitions without recourse
to interpolation techniques between density regimes described by different physical models. EoS
tables are calculated in the wide range of densities, temperature and proton/neutron ratios on
the ORNL NCCS XT3, using up to 2000 processors simultaneously.

Figure 9. 3D neutron Figure 10. 3D neu- Figure 11. 3D neu-
density distribution at tron density distribu- tron density distribu-
np=0.04 fm=3 . tion at n,=0.08 fm—3. tion at np=0.12 fm—3.

Figure 5. Neu- Figure 6. The Figure T. The Figure 8. The
tron density distri- same as Fig. 5 but same as Fig. b but same as Fig. 5 but

butions for A=180. for A=460. for A=1400. for A=2200. a rXiv: O 708 . 3 I 9 7v I (a St r'o - P h)




RMF calculation by Maruyama, Chiba, Tatsumi

Pasta structures in matter

Density profiles in WS cell

L full cale., Y,=05 —g

Pasta structures = © ﬂp=0.5
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QMD calculations by Sonoda,
Watanabe, Sato, Takiwaki, Yasuoka, Ebisuzaki

Pasta phases at zero temperature
Cooling of Hot nuclear matter(~10 MeV) down to 0.1 MeV

Snapshots calculated for model 2

Red :Proton
Blue: Neutron

p=0.168 fm
(Nuclear density)

Rod-like Bubbles 0.490p Spherical Bubbles 0.575p 14



Shen EOS table size

logl0 (T(MeV)) —-1~2 31 grids
log 10(Y}) -2 ~-025 71 grids
logl0(pe (g/cm3)) 5S5~I154 104 grids

fost  31%71%104=228,904 data points

o MHRDZEHILICHTENET |
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® Ko - Heavy ion collision

o EEEYEDED

® Nuclear Statistical Equilibrium

o RF%/INAY
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® Hartree-Fock. RMF. &I X)L —ZE
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o 3 DM

® hyperons, meson condensate, quark matter, ...
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o EOST—TJILDEFLET A XDIBXK

o T,p,YpDELH

o R DIFNM

DAL Mega GridsL

o EBITEMIOHE (FIAHDILK)
o J7AJLEI (O—F) DEE(L

o XIFERIT—7 (REE=M=)

® nucastrodata.org, bigbangonline.org




